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Abstract-To understand the effects of substrate materials on the fracture behavior of 
adhesive joints, experimental studies and finite element analyses have both been 
conducted for double-cantilever-beams (DCB) with aluminum and steel substrates at 
different bond thickness (h). Numerical results show that the region dominated by the 
crack singularity is much smaller than the bond thickness. Very small plastic 
deformation may hence violate the requirements for small-scale yielding where the 
crack-tip field can be characterized uniquely by the stress intensity factor. Both 
critical strain energy release rate and J-integral for the joints with steel substrate are 
lower than those for the joints with aluminum substrate. Compared to the critical 
strain energy release rate, the critical J-integral is less sensitive to the substrate 
material if small plastic deformation occurs before cohesive failure takes place 
through the adhesive layer. For the joints with aluminum substrate, the fracture 
toughness initially increases and then decreases with bond thickness. Elastic-plastic 
crack-tip analysis indicates that at the same level of loading, a higher opening stress is 
observed in the joint with a smaller bond thickness. A self-similar stress field can be 
obtained by the normalised loading parameter, J/hσo.  
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1. Introduction 
 
The evaluation of failure of adhesive joints is of critical importance in many structural 
applications. A detailed testing procedure for adhesive joints with metal substrate has 
already been standardized in the ASTM standard (D 3433-93) to measure the strain 
energy release rate (G). However, questions often arise when comparing testing 
results from different sources where different substrate material and/or different bond 
thickness are used. Some investigations showed that there was an optimum thickness 
at which the maximum fracture toughness (strain energy release rate) was obtained [1-
2]. This was explained in terms of the size of plastic zone imposed by the substrate 
material. More recently, Bell and Kinloch [3] studied the effect of substrate material 
on mode-I adhesive fracture energy. Their results indicated that high fracture energy 
was associated with the substrate material with a higher stiffness even though the size 
requirement for small-scale yielding condition was met in all specimens. All available 
evidence therefore shows the inadequacy of a single parameter characterization of 
crack-tip stress fields in adhesive joints. Hence, the conditions for small-scale 
yielding for homogeneous materials may not be directly applied to adhesive joints. 
Unfortunately, the conditions specified in ASTM E399-90 for small-scale yielding for 
homogeneous materials have often been implicitly assumed valid for adhesive joints. 
Although recently toughened adhesives have been widely used to improve the 
toughness of adhesive joints, not much work has been directed towards the elastic-
plastic analysis of crack-tip fields. In this study, both experiments and numerical 
analyses were carried out to improve understanding of the effects of substrate 
materials and bond thickness on the crack-tip stress fields and fracture toughness of 
adhesive joints.  
 
 
   
2. Experiments and numerical analyses 
 
2.1 Materials and specimen geometry 
  
To study the effects of substrate materials on the fracture behavior in an adhesive 
joint, double-cantilever-beams (DCB) were used. The substrate materials selected 
were 7075 aluminum and carbon steel with Young’s modulus Es=70 GPa and 200 
GPa, respectively, and identical Possion’s ratio νs= 0.3. The dimensions of the DCB 
specimen are shown in Fig. 1(a). The adhesive was FM300 with an areal density of 
0.39 kg/m2 and a woven carrier of polyester yarn. Its true stress-strain relationship [4] 
is given in Fig. 2 with Young’s modulus E=2.45 GPa and Possion’s ratio ν=0.38. A 
constant bond thickness (h) of 1mm was chosen. Another DCB specimen (Fig. 1(b)) 
with 2024 aluminum substrate was used to investigate the effects of bond thickness on 
the fracture toughness of a toughened adhesive joint. A typical rubber-modified epoxy 
adhesive was chosen, which was a diglycidyl ether of bisphenol A (DGEBA) epoxy 
resin (Araldite® GY 260, Ciba-Geigy, Australia) modified by 15% liquid rubber 
(CTBN, 1300X13, BF Goodrich). The curing agent was piperidine. The mechanical 
properties of the adhesive in tension were measured in [5]. The true stress-strain 
relationship for this adhesive is also shown in Fig. 2. The elastic properties are: 
Young’s modulus E=2.1 GPa and Possion’s ratio ν=0.35. It can be observed in Fig. 2 
that the stress-strain curves for both rubber-modified epoxy resin and FM300 are non-
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linear. For joints with 2024 aluminum substrate, the bond thickness (h) was 0.4, 0.8, 
1.0, 1.5 and 1.8 mm, respectively. To make the DCB specimens, all substrates were 
polished prior to bonding using sand paper then degreased by an alkaline solution. 
The aluminum substrate was also etched using sulfuric acid sodium dichromate 
solution (FPL). Spacers with different thickness were placed between the substrates to 
achieve various bond thickness. FM300 and rubber-modified epoxy resin were cured 
at 177 oC for 2 h and 120 oC for 16 h, respectively. A very thin film (about 5 μm) was 
inserted in the middle of the adhesive layer to induce a pre-crack. Testing was carried 
out in an Instron machine with a loading rate of 1 mm/min. The glass transition 
temperature (Tg) for the rubber-modified epoxy was measured using a differential 
scanning calorimeter (DSC). 
  
2.2 Finite element analyses 
 
Elastic and elastic-plastic crack-tip analyses were carried out with finite element code 
ABAQUS (Version 5.8). Plane strain condition was assumed. Only one-half of the 
specimen was modeled due to symmetry. For elastic-plastic analysis, rate-independent 
plasticity and associated flow rule were used for the material constitutive model. The 
J-integral was evaluated according to the domain integral method.  
 
3. Results and discussion 
 
3.1 Toughness evaluation in the adhesive joints 
 
Although linear elastic fracture mechanics (LEFM) historically can be formulated in 
terms of energy, a stress approach has become common practice. Williams [6] showed 
that the crack-tip stress field could be characterized by the stress intensity factor K. K-
dominance is only valid within the linear elastic regime in which small-scale yielding 
condition is maintained. The ASTM test standard for plane strain fracture toughness 
for metals (E399-90) establishes the working requirements for small-scale yielding 
such that the radius of the plastic zone is small compared to the critical dimensions of 
the cracked body. This limitation can be written as: 
B,W, W a
KI
o
( ) 2.5( )2− ≥ σ   ,                                                (1) 
where a is the crack length, (W-a) the ligament, B the width and σo the yield stress. As 
mentioned in Introduction, this condition has been implicitly assumed valid for 
adhesive joints but the measured fracture toughness is often found to be dependent on 
bond thickness and substrate material. Therefore, the validity of K or G in toughness 
evaluation for an adhesive joint should be more critically examined. Fig. 3(a) shows 
elastic analysis of the opening stress distributions ahead of the crack-tip in joints with 
2024 aluminum substrate (Fig. 1(b)) at near fracture loads. The classical crack 
singularity (X-1/2) can be observed in the region very close to the crack-tip. However, 
the length of the singular domain is only about 0.02 mm that is much smaller than the 
smallest bond thickness (0.4~1.8 mm). The extent of deviation from the singular 
behavior at a given distance X is greater for a joint with a thinner bond thickness. At a 
small distance away from the crack-tip, the opening stress is elevated as the bond 
thickness is reduced. Fig. 3(b) shows the crack-tip elastic opening stresses in the DCB 
joints with 7075 aluminum and steel substrates at the fracture loads. Similarly, the 
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stress distribution deviates from the classic crack singularity (X-1/2) at a very small 
distance from the crack-tip. However, plastic deformation may occur at the crack-tip 
due to yielding of the toughened adhesives. In this case, the size of plastic zone must 
be very small compared to the singular domain to validate K or G as a fracture 
criterion. Fig. 4(a) shows the evolution of the plastic region in a joint with 2024 
aluminum substrate with 0.4 mm bond thickness. The yielding zone is calculated 
using the yield strength of the adhesive based on von Mises yield criterion. The 
plastic zone size increases in both vertical (Y) and horizontal (X) directions with 
applied load. At the minimum fracture load (P≅1400N), the vertical plastic zone size 
is ~0.027 mm, which is slightly larger than the singular domain size (about 0.02 mm). 
The contour map of the plastic zone at the same load is shown in Fig. 4(b). Clearly, 
the plastic zone size at fracture load (the darkest zone) is much smaller than the bond 
thickness. The same trend was also observed in the joints with 7075 aluminum and 
steel substrates. Hence, very small plastic deformation may violate the requirements 
for small-scale yielding where fracture toughness can be characterized uniquely by 
the stress intensity factor (K) or strain energy release rate (G). Thus, the conditions for 
small-scale yielding for homogeneous materials may not suit adhesive joints. 
 
3.2 Effects of substrate materials on fracture toughness measurement 
 
Table 1 shows the critical fracture energy (Gc) values for these joints, which are 
calculated using ASTM standard D3433-93, i.e., 
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In Table 1, it can be seen that Gc is dependent on the substrate material although the 
dimensions (B, W, W-a) of all DCB specimens satisfy the size requirements of Eq. 1 
for small-scale yielding. The average Gc for joints with steel substrate is lower than 
that for the joints with aluminum substrate. This is different to the results obtained by 
Bell and Kinloch [3] in which Gc was higher for substrates with higher stiffness. In 
this study, it was observed from the fracture surfaces that in all cases cohesive failure 
through the adhesive layer occurred. As discussed above, the plastic deformation 
ahead of the crack-tip before failure is large compared to the region dominated by 
stress singularity although the absolute size of plastic zone is much smaller than the 
adhesive layer. Fig. 5(a) shows the elastic analysis for the DCB specimen (h=1.0mm) 
(Fig. 1(a)) with 7075 aluminum and steel substrates. In Fig. 5(a), the crack-tip 
opening stress increases with the applied load P. At different load level, high opening 
stress is associated with the 7075 aluminum substrate. That is, higher opening stresses 
correspond to lower substrate Young’s modulus. This result is consistent with the 
elastic analysis of Wang et al [7] in which the stress intensity factor decreases with 
increase of Young’s modulus of substrate materials. In Fig. 5(b), the loads for the 
joints are chosen to give the same ratio of P2/Es for both the aluminium and steel 
substrates. It can be seen that the higher opening stress is associated with the steel 
substrate corresponding to the same P2/Es. It is reasonable to assume that fracture is 
controlled by a critical opening stress for Mode-I loading with small plastic 
deformation. According to Fig. 5(b), different values of P2/Es are expected for the 
aluminium and steel substrates to achieve the same opening stress (σ22). On the other 
hand, as shown in Eq. 2, the critical strain energy release rate Gc is proportional to the 
ratio of P2/Es for a given specimen geometry. Therefore, even for completely elastic 
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fracture, Gc is dependent on substrate materials due to the effect of Young’s modulus 
on the crack-tip stress fields.  
 
In elastic-plastic fracture mechanics, J-integral has been widely used for fracture 
toughness evaluation. The critical J-integral corresponding to the fracture loads for 
the joints with aluminum and steel substrates is also included in Table 1. The scatter 
of the critical J-integral is reduced in comparison to Gc, especially for the joints with 
aluminum substrate. The average critical J-integral with steel substrate is slightly 
lower than that for aluminium substrate. That is, unlike Gc, the critical J-integral is 
less sensitive to substrate materials. Elastic-plastic analysis for the DCB geometry is 
given in Fig. 6. Similarly, the opening stress increases with applied load. Here, a 
dimensionless loading parameter, J/hσo is adopted. At the same J/hσo, similar stress 
distributions can be found for both aluminum and steel substrates. At a relatively high 
load (J/hσo=0.1), the opening stress ahead of the crack-tip in the joint with steel 
substrate is slightly higher than that in the joint with 7075 aluminum substrate. Fig. 7 
shows the opening stress ahead of the crack tip for the DCB geometry (Fig. 1(a)) 
evaluated at fracture load. The opening stress distribution for the joints with steel 
substrate is slightly higher than that for the joints with aluminum substrate. 
Differential scanning calorimeter (DSC) measurement showed that the glass transition 
temperatures (Tg) for the rubber-modified epoxy in the joints with aluminum and steel 
substrates are 94oC and 92oC, respectively. This indicated that the adhesive layer in 
all joints experienced the same state of cure. Therefore, fracture toughness (Jc) is less 
sensitive to the substrate materials in comparison to Gc if small plastic deformation 
occurs before cohesive failure takes place through a toughened adhesive layer. The 
main reason is that the elastic-plastic stress analysis is not sensitive to the Young’s 
modulus of the substrate materials at small applied loads.  
 
3.3 Effects of bond thickness on fracture toughness 
 
Figure 8 shows the critical J-integral for the DCB specimens with 2024 aluminum 
substrate (Fig. 1(b)). Jc increases initially with bond thickness (h) and then drops with 
further increase in h. The maximum fracture toughness is recorded at a critical bond 
thickness. Fig. 9(a) gives the opening stress ahead of the crack-tip for the DCB 
specimen with different bond thickness from elastic-plastic analysis. At the same load 
(J) level, a higher opening stress is associated with the joint with a smaller bond 
thickness. The reason may be that the plastic zone is more restricted by the substrate 
in the joints with smaller bond thickness. For homogeneous materials in plane strain, 
the plastic zone size (rp) can be evaluated approximately by 
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It is thus clear that the plastic zone size (rp) is approximately scaled by J/σo. The 
relative plastic zone size in an adhesive layer with a thickness h is therefore scaled by 
J/hσo. Hence, J/hσo is a potential parameter to indicate the constraint level imposed 
by the substrate. Fig. 9(b) gives the distributions of the opening stress for the DCB 
specimen with different bond thickness, but loaded to the same value of J/hσo. It can 
be seen that the stress distributions are similar irrespective of the bond thickness. The 
same trend can be found for other specimen geometry [8]. The fractographic features 
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corresponding to different bond thickness were observed by Daghyani et al [9] using 
the same materials as used in this study. They found that a brittle fracture mechanism 
was associated with thin bonds (h<0.5mm) but a ductile fracture mechanism was 
predominant for thick bonds (h>1.0mm). It is hence reasonable to assume that for thin 
bond thickness fracture of the joints is mainly controlled by a critical opening stress. 
According to Fig. 9(b), to achieve a critical opening stress, the same J/hσο must be 
achieved by joints with different bond thickness. Therefore, at incipient fracture, we 
have  
C
h
J
o
=σ  ,                                                                            (4) 
 
where C is a constant which depends on the magnitude of the critical stress. Then, the 
fracture toughness (Jc) can be expressed as 
 
hCJ oc σ= .                                                                         (5) 
 
From Eq. 5 it is obvious that the fracture toughness Jc is initially proportional to the 
bond thickness. After reaching a critical bond thickness, fracture toughness decreases 
with further increase of bond thickness. The work of Lin et al [10] on mismatched 
weld joints indicated that the load carrying capacity reduced with increasing the width 
of weld due to small constraint level. Further work is needed to obtain a better 
understanding of the variation of fracture mechanisms with bond thickness.   
 
 
4. Conclusions 
  
 
Based on both experimental investigation and finite element analyses for the DCB 
specimens with different substrate materials, the following conclusions can be drawn: 
 
1. If the adhesive is modelled as an elastic material, the opening stress ahead of the 
crack-tip increases with reduction of the substrate stiffness (Young’s modulus) at 
the same applied load. Elastic-plastic analysis of the adhesive joints shows that the 
crack-tip opening stress is less sensitive to Young’s modulus at small loading 
level (J/hσo up to 0.1) in comparison to the elastic analysis. 
2. Numerical analyses of the crack-tip field show that the region dominated by crack 
singularity is much smaller than bond thickness. Very small plastic deformation 
may violate the requirements for small-scale yielding where the crack-tip field can 
be characterized uniquely by the stress intensity factor. The condition for small-
scale yielding for homogeneous materials seems to be unsuitable for an adhesive 
joint.  
3. The critical strain energy release rate and critical J-integral for the DCB joint with 
steel substrate are lower than the corresponding measured values for the joint with 
aluminum substrate. But the critical J-integral is less sensitive to the substrate 
material in comparison to the critical strain energy release rate if small plastic 
deformation occurs before cohesive failure through an adhesive layer.    
4. For joints with 2024 aluminum substrate, the critical J-integral initially increases 
and then decreases with bond thickness. Elastic-plastic analysis indicates that at 
the same level of loading, higher opening stress is observed in joints with smaller 
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bond thickness. A self-similar stress field can be obtained by the normalised 
loading parameter, J/hσo.  
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Captions of figures 
 
Fig. 1. DCB adhesive joints: (a) with 7075 aluminum and steel substrates, and (b) 
with 2024 aluminum substrate (all dimensions in mm). 
Fig. 2. True stress-strain relationship for adhesives. 
Fig. 3. Distributions of elastic opening stress ahead of the crack-tip at fracture load in 
the DCB joints: (a) with 2024 aluminum, and (b) with 7075 aluminum and 
steel substrates. 
Fig. 4. Evolution of plastic zone ahead of the crack-tip: (a) variation of plastic zone 
size with load, and (b) contour of plastic zone. 
Fig. 5. Distributions of elastic opening stress ahead of the crack-tip in the DCB joints 
with 7075 aluminum and steel substrates when parametized by (a) P, and (b) 
P2/Es. 
Fig. 6. Distributions of opening stress ahead of the crack-tip (elastic-plastic analysis) 
in the DCB joints with 7075 aluminum and steel substrates.  
Fig. 7. Distributions of opening stress ahead of crack-tip at fracture load.   
Fig. 8. Critical J-integral at different bond thickness in the DCB joint. 
Fig. 9. Distributions of opening stress in the DCB joints with different bond 
thickness when parametized by (a) J, and (b) J/hσo.  
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Table 1. Critical strain energy release rate Gc and critical J-integral in DCB joints 
with 7075 aluminum and steel substrates. 
Substrate Steel Aluminum 
Gc, J/m2 695 ± 21 1029 ± 256 
Jc, J/m2 485 ± 15 557 ± 139 
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Fig. 1 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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Fig. 2 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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Fig. 3 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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Fig. 4 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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Fig. 5 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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Fig. 6 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
 
 
X/(J/σo)
0 2 4 6 8 10
σ 22
/σ o
0
1
2
3
4
5
J/hσο=0.02 (Al)
J/hσο=0.05 (Al)
J/hσο=0.10 (Al)
J/hσο=0.02 (Steel)
J/hσo=0.05 (Steel)
J/hσο=0.10 (Steel)
 16
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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Fig. 8 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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Fig. 9 C. Yan, Y.-W. Mai, Q. Yuan, L. Ye and J. Sun 
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